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METHOD FOR OPTIMIZATION OF LOGIC CIRCUITS FOR ROUTABILITY 

IMPROVEMENT 

BACKGROUND OF THE INVENTION 

5 1. Field of the Invention 

The present invention relates to circuits and, more particularly, to electronic 
circuit design. 

2. Description of the Related Art 

10 A major goal in the design of Very Large Scale Integration (*VLSI") chips and 

other integrated circuits is to combine logic synthesis methods with physical design 
optimization methods to meet timing, area, and other design objectives of the chip. 
Physical design optimization methods include methods for placement and methods for 
routing. Logic synthesis methods determine the type and connectivity of circuits used to 

1 5 implement the functionality of the chip. Placement methods assign and alter the physical 
locations of the circuits on the chip. Routing methods modify the physical path and wire 
type of the connections between the circuits. 

As the size of the VLSI chip grows, the problem of design closure increases 
correspondingly at a geometric rate. Design closure is the process of getting a chip 

20 design ready to be submitted for manufacturing. Design closure ensures that timing along 
all paths in the circuit operate at least as fast as some pre-defined speed in the presence of 
various electrical interactions, such as capacitive coupling. During this process, locations 
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are selected for all of the components making up the design, and those components are 
connected or routed with some wiring resources. 

A key design parameter that affects design closure significantly is routability of 
the circuit. The routability of the circuit is a measurement of the relative ease of making 
appropriate connections on the chip implementing the design. In some cases, this may be 
impossible to do; that is, the chip is said to be unroutable. However, when it is possible, 
the relative ease of making appropriate connections on the chip implementing the design 
is measured by the density of wiring resources that is required per unit area of the chip. 
This density measurement describes the wiring congestion on the chip. Routability (or 
wiring congestion) affects the performance, noise sensitivity, yield, area, and power of the 
design. 

Two of the steps in the design closure process which are relevant here are logic 
synthesis and physical design. Logic synthesis transforms a textual representation of the 
design into a boolean representation, and maps the boolean representation down onto 
circuits and connections. The circuits and connections are the basic building blocks in 
which the physical design operates. Physical design takes the circuits and assigns them 
physical locations on the chip for implementing the design. The logical connections are 
converted into physical connections taking the form of wires and accompanying wiring 
paths between the connected elements. 

Logical synthesis comprises two optimization stages: (1) a technology 
independent stage and (2) a technology dependent stage. Optimizations of the technology 
independent stage are independent on the type of technology that will be used to 
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implement the design. On the other hand, optimizations of the technology dependent 
stage are dependent on the type of technology that will be used to implement the design. 
Each of these stages are comprised of a one or more optimization steps. The application 
of one of these steps is known as a transforaiation or transform 

The technology independent stage comprises transforming a register transfer level 
textual description of the design into a set of boolean equations. The set of boolean 
equations are then optimized for a set of given metrics such that they will, at the 
completion of all the steps in the full synthesis process including technology mapping and 
physical synthesis, lead to a good implementation for delay, area and power. Because the 
technology independent stage does not know the exact technological components that will 
be associated with the boolean equations, the optimizations in this stage must use 
measurements or metrics based on the equations to approximate the area and delay of the 
entire set of equations. The area is approximated with a literal count, which is a measure 
of the number of connections or edges in a graph representing all of the boolean 
equations. For example, assume a set of boolean equations for an output A would be of 
the form X = A and B, B = C and D. Here the literal count is 4 since the number of 
connections are 4. The connection between area and literal count is directly proportional, 
meaning that each literal is assumed to consume some positive, finite, yet xmknown, 
amount of area. The technology independent optimizations attempt to minimize the 
amount of area that will be consumed by the equations because smaller implementations 
are more likely to fit within the area defined by a chip. 
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The delay of the design is approximated in the technology independent phase of 
logic synthesis by a number of levels in the boolean equation. A set of logic equations 
comprising a set of input signals and output signals may be represented by a graph with 
nodes (which represent gates) and edges (which represent connections) between the 
5 inputs and outputs. The paths between inputs and outputs comprises gates and 

connections encoimtered during a traversal of the graph from input to output. Each path 
comprises gates and connections. The number of levels for an output signal in the 
equation is the maximum number of connections from any given input signal to the 
output signal. There is a directly proportional relationship between delay and number of 

10 levels, meaning that each level is assumed to consume a positive and finite, yet unknown, 
amount of delay. The technology independent optimizations attempt to minimize the 
amount of delay that will be consumed by the equations because faster implementations 
are more likely to achieve design closure. 

While the technology independent synthesis optimizations attempt to measure the 

15 size and speed of the circuit, no metrics exist to determine where the literals will be 
placed or how many wiring paths will want to follow similar routes, which correlates 
strongly with the routability of the design. So while the basic structure of the design 
implementation is defined by the form of the boolean equations at the end of the 
technology independent optimization phase, no attempt has been made to measure the 

20 wiring characteristics of the design. 

The second stage of logic synthesis, which generally follows the technology 
independent optimization stage, is the technology dependent stage. In this stage, the 
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boolean equations are mapped onto a set of gates that exist in some predefined 
technology specific library. This mapping has both logical and electrical components. 
The logical component says that all logic described in the boolean equations must be 
mapped to one or more gates, while the electrical component ensures that the electrical 
characteristics of the gate are not violated and that the desired speed of the design can be 
achieved. An example of an electrical characteristic is as follows: the amplitude of the 
signal transmitted from one gate is sufficiently large to cause a reaction when received by 
a connected gates. The strength of these transmitted signals also determines the speed at 
which the design will operate. This mapping to gates is done within the structure defined 
by the boolean equations coming out of the technology independent optimization stage of 
logic synthesis. 

After this technology dependent mapping to gates has been completed, the 
physical design process can begin. Physical design consists of two main components, 
placement and routing. During placement, locations on a chip are assigned for each of 
the gates coming out of the technology dependent optimization phase of logic synthesis. 
Based on this placement, routing then creates physical wires between the connected gates. 
It is not until the locations of the gates are assigned that even a crude approximation can 
be made about the routability of the design. While delay receives attention early in the 
design process, if all of the connections between the design components cannot be made, 
the design cannot be implemented. Poor routability of the design also creates longer 
wires in the design, causing a degradation in timing. If the inability to route the design or 
the inability to meet timing due to poor routability is discovered only during the physical 
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design process, a designer must return to the technology independent logic synthesis 
phase to alter the way the design was optimized. However, since those optimizations 
have no concept of a routability metric, it is difficult to direct those optimizations toward 
a criteria that cannot be measured. 

Physical design information is generally not available early in the logic synthesis 
stage. Therefore, existing optimizations and transformations in the logic synthesis stage, 
which are primarily targeted towards timing and area, generally do not consider their 
impact on routability. Significant decisions regarding the circuit structure are made early 
in logic synthesis such as during the technology independent logic optimization step. 
Optimizations in this step use a literal count as a metric for optimization, and, therefore, 
do not adequately capture the intrinsic entanglement of the circuit. Two circuit design 
models with identical literal coimts may have significantly different routability 
characteristics after physical design. 

It is widely acknowledged that current electronic design automation must be able 
to handle the challenges and opportunities of finer-featured fabrication processes. These 
processes are fundamentally premised on the principle of separation of concerns in which 
a complex design flow is serialized into a sequence of manageable steps that are loosely 
coupled. In this scenario, decisions made in the early stages of design flow become 
binding constraints on later stages. Such serialization potentially gives less optimal 
designs than a process that simultaneously considers all design aspects. This is 
unavoidable, however, due to the practical infeasibility of concxirrent optimization of all 
design parameters, and is deemed acceptable as long as the constraints that are fed 
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forward by one step to the next can be met. The process breaks down, however, when 
these constraints become unsatisfiable (eg., the chip becomes unroutable, and falls short 
of the expected yield). The typical action in such cases is to go back to the earlier steps 
and iterate through the steps so as to revisit earlier design stages to change suspected 
problematic decisions. Such iteration has become particularly necessary between the 
logic synthesis and placement steps. 

Ideally, the time-wasting iteration between logic synthesis and placement in 
today's design methodologies could be eliminated by fusing these stages to 
simultaneously optimize the logical structure as well the spatial placement of a circuit. 

Steps in technology dependent logic synthesis and placement have been combined 
to produce a wide variety of methods. Techniques which optimize both the logical and 
physical characteristics are referred to as physical synthesis. Although, there is work in 
the area of physical synthesis that combines later stages of logic synthesis with 
placement, the early stages of logic synthesis are not adequately integrated with 
placement. 

Wire planning evaluates the placement characteristics of circuits during logic 
synthesis and approaches the same problem from a different angle. The wire planning 
approach assumes that the locations of pins at the boundary of the region being optimized 
are known. Constraints are generated from placement models and synthesis is performed 
using the constraints. Although the locations of chip/partition Inputs/Outputs are 
typically available, assumptions about locations for pins surrounding the small region 
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consisting of a few gates in which local optimizations (e.g., factorizations) are being 
performed is generally difficult to preserve during full chip placement. 

Furthermore, statistical interconnect prediction methods (e.g., Rent's rule) do not 
distinguish between two networks which have the same number of connections. 
5 Interconnect estimates are based primarily on the number of circuits and lOs. Therefore, 
they are imsuitable as predictors for routability optimization during technology 
independent synthesis. 

SUMMARY OF THE INVENTION 

10 In one embodiment of the present invention, a method of optimizing a circuit 

design model during logic synthesis is provided. The method comprises creating a 
structural metric prior to physical design, the structural metric being proportional to the 
routability of the circuit design model after the physical design; and using the structural 
metric during logic synthesis to create an optimized circuit design model. 

15 In another embodiment of the present invention, machine-readable medium 

having instructions stored thereon for optimizing a circuit design model during logic 
synthesis is provided. The instructions comprise the steps of creating a structural metric 
prior to physical design, the structural metric being proportional to the routability of the 
circuit design model after the physical design, and using the structural metric during logic 

20 synthesis to create an optimized circuit design model. 

In yet another embodiment of the present invention, a system for optimizing a 
circuit design model during logic synthesis is provided. The system comprises means for 
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creating a structural metric prior to physical design, the structural metric being 
proportional to the routability of the circuit design model after the physical design; and 
means for using the structural metric during logic synthesis to create an optimized circuit 
design model. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention may be understood by reference to the following description taken 
in conjunction with the accompanying drawings, in which like reference numerals 
identify like elements, and in which: 

Figure 1 shows a flow diagram of a prior art circuit design process; 

Figure 2 shows a flow diagram of a structural logic design process, in accordance 
with one embodiment of the present invention; 

Figure 3 A shows a flow diagram of the prior art technology independent synthesis 
of Figure 1, followed by technology mapping and buffering 

Figure 3B shows a flow diagram of the structural technology independent 
synthesis of Figure 2, followed by structural technology mapping and structural 
buffering, in accordance with one embodiment of the present invention; 

Figure 4A shows a buffer tree constructed using the prior art buffering of Figure 

3A; 

Figure 4B shows a buffer tree constructed using the structural buffering of Figure 
3B, in accordance with one embodiment of the present invention; 
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Figure 5 shows a flow diagram of an incremental structural metric process, in 
accordance with one embodiment of the present invention; 

Figure 6A shows an exemplary diagram of a graph representation of a design; 

Figure 6B shows the diagram of a graph representation of a design of Figure 6A 
optimized with the prior art design process of Figures 1 A and IB; 

Figure 6C shows the diagram of a graph representation of a design of Figure 6A 
optimized with the structure design process of Figures 2 A and 2B; 

Figure 7A shows a layout of a carry lookahead adder, illustrating a structural 
metric, in accordance with one embodiment of the present invention; 

Figure 7B shows a layout of a ripple carry adder, illustrating a structural metric, in 
accordance with one embodiment of the present invention; and 

Figure 8 shows an exemplary plot of the average neighborhood size over all 
circuits in the design for the carry lookahead adder of Figure 7 A and the ripple carry 
adder of Figure 7B. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

Illustrative embodiments of the invention are described below. In the interest of 
clarity, not all features of an actual implementation are described in this specification. It 
will of course be appreciated that in the development of any such actual embodiment, 
numerous implementation-specific decisions must be made to achieve the developers' 
specific goals, such as compliance with system-related and business-related constraints, 
which will vary from one implementation to another. Moreover, it will be appreciated 
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that such a development effort might be complex and time-consuming, but would 
nevertheless be a routine undertaking for those of ordinary skill in the art having the 
benefit of this disclosure. 

While the invention is susceptible to various modifications and alternative forms, 
specific embodiments thereof have been shown by way of example in the drawings and 
are herein described in detail. It should be understood, however, that the description 
herein of specific embodiments is not intended to limit the invention to the particular 
forms disclosed, but on the contrary, the intention is to cover all modifications, 
equivalents, and alternatives falling within the spirit and scope of the invention as defined 
by the appended claims. 

It is to be understood that the systems and methods described herein may be 
implemented in various forms of hardware, software, firmware, special purpose 
processors, or a combination thereof In particular, the present invention is preferably 
implemented as an application comprising program instructions that are tangibly 
embodied on one or more program storage devices (e.g., hard disk, magnetic floppy disk, 
RAM, ROM, CD ROM, etc.) and executable by any device or machine comprising 
suitable architecture, such as a general purpose digital computer having a processor, 
memory, and input/output interfaces. It is to be fiirther understood that, because some of 
the constituent system components and process steps depicted in the accompanying 
Figures are preferably implemented in software, the connections between system modules 
(or the logic flow of method steps) may differ depending upon the maimer in which the 
present invention is programmed. Given the teachers herein, one of ordinary skill in the 
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related art will be able to contemplate these and similar implementations of the present 
invention. 

Routability (or wiring congestion) in a VLSI chip is becoming increasingly 
important as chip complexity increases. Congestion has a significant impact on 
performance, yield, and chip area. The present invention targets the optimization of 
congestion early in technology independent sjmthesis prior to physical design. 

Instead of attempting to optimize the logic structure as well as the spatial 
placement of a circuit, we pose a more modest goal of optimization to the scope of logic 
synthesis. That is, we propose an aggressive optimization approach that is cognizant of 
circuit structure during technology independent synthesis and produces more predictable 
implementations which give better routability and yield. 

One known method of improving routability is by reducing congestion based on 
placement models during the technology independent optimization phase of logic 
synthesis. This method typically uses placement models or makes assumptions regarding 
placement. The present invention, on the other hand, explores whether routability can be 
predicted and reduced in the technology independent phase without making any 
assumptions about placement. This is important because it is generally difficult to ensure 
that placement assumptions made in such prior art methods during the technology 
independent optimization stage can be realized during placement. 

In the present invention, we propose metrics based only on the network graph that 
can predict congestion characteristics during optimization early in the design flow. The 
metric is based on the connectivity of the network graph implementing the logic function. 
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It does not require constraint generation from placement models of the blocks and the use 
of such constraints in synthesis. 

The structure, as measured by one or more of the metrics defined in this invention, 
of a circuit contributes significantly to the wiring congestion. We perform a 
prediction-based analysis at the early stages of logic synthesis, evaluating topological 
properties of the evolving circuit prior to its physical layout. By estimating circuit 
structure early in the design flow, we maintain the separation of concerns principle, while 
moderating costly optimizations at the later stage of physical synthesis. 

The present invention includes an incremental structural metric process. The 
structural metric is initially computed on the entire logic network before any optimization 
is performed. During optimization, an incremental recalculation is performed on the 
design. The incremental engine tracks all the nodes affected by the changes to the design 
made by a given optimization. When change to the design is considered, the method 
checks to see if any of the nodes affected by the change have been invalidated by the 
structural analysis engine. If the cost metric on any of these nodes is invalid, then the cost 
is recomputed for these nodes. If the cost metric is valid, it is used in computing the cost 
of the proposed change. The change is then applied if the cost improves. Once the 
change is applied, the nodes affected by these changes are marked as invalid for the 
structural metric. Therefore, in this incremental structure analysis engine, recomputation 
is performed only as needed during optimization. Different structural cost measures may 
be computed by the incremental structure analysis engine. Among the choices, three 
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different structural measures are described as embodiments. Additional structural metrics 
are possible and are covered within the scope of this invention. 

The structural measures topological relationships in different circuit parts known 
as their adhesion. One structural measure is referred herein as a distance metric. The 
design is first represented as a graph with the circuits represented as nodes and the 
connections between them represented as edges. The distance metric applied to this 
graph, uses a concept of neighborhood population that is computed relative to a given 
circuit, and to a given distance k measured as graph-theoretic length of a shortest path 
between two nodes. For a given circuit c and distance k the neighborhood population is a 
set of circuits residing within k nodes away from c. The average neighborhood 
population at distance k is computed for a set of circuits, and is taken as the cimiulative 
sum of their neighborhood population sizes divided by the total number of considered 
circuits. In general, large average neighborhoods for small values of k suggest that circuit 
topology is more entangled, and is therefore more likely to produce congested regions 
during its layout. In one embodiment of the invention, the method would query the 
distance metric from the incremental structural analysis engine and implement 
optimizations on the design that reduces average neighborhoods for smaller values of ^. 

Another structural measure is the sum of all pairs min-cuts ("SAPMC") of the 
graph derived from the design. The process to obtaining the graph is identical to the 
process for the distance metric. To compute the SAPMC, the minimum number of edges 
cut in the graph to separate every pair of nodes in the graph are computed. This number 
for each pair of node is called the min-cut. The sum of the min-cuts for every pair of 
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nodes in the graph is referred to as the SAPMC. In another embodiment of the invention, 
the method would query the SAPMC metric from the incremental structural analysis 
engine and implement optimizations on the design the total value of SAPMC. 

A third structural measure is the shared expansion metric. First a graph for the 
5 design is obtained. The process to obtaining the graph is identical to the process for the 
distance metric. For each pairs of nodes, the number of shared nodes encountered at a 
distance k is computed The sum over all pairs of nodes for a given set of k values of 
shared nodes is known as the expansion of 

the design. In yet another embodiment of the invention, the method would query the 
10 expansion metric from the incremental structural analysis engine and implement 
optimizations on the design based on the expansion metric. 

During technology independent optimization in this invention, transformations 
may propose a set of changes in the circuit design model. These changes are proposed as 
alternatives to the circuits in a region of the circuit design model based on boolean 
15 analysis of the region of the logic network. The cost of applying each change to the logic 
network is evaluated using the incremental structural metric process. The proposed 
change that yields the most improvement in cost is selected and applied. 

For example, consider a kernel factoring algorithm. A traditional kemel factoring 
optimization identifies circuits or regions of the logic design that may be shared. In 
20 performing sharing, it would use as a cost metric the total number of literals or 

connections in the design to minimize. The structure driven kemel factoring would 
similarly identify circuits or regions of the logic design that may be shared, but it would 
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do so to improve one of the structural metric costs. It would consider a possible sharing 
optimization. It would query the improvement in the structural cost metric if that sharing 
optimization were applied. If the structural cost improves, it would apply that 
optimization. If not, the optimization would continue to consider new opportunities for 
5 sharing circuits and evaluate them. In a similar fashion, decomposition, traditional 

technology mapping and buffering techniques are modified to operate with a structural 
optimization metric. 

Figure lA shows a prior art design process 100. The design process 100 performs 
(at 105) logic synthesis. The input to the art design process is a register transfer level 

10 textual description of the design. The process optimizes the design for both boolean and 
physical characteristics and produces as output an design with circuits that are placed and 
mapped to technology gates from a standard cell library. As shown in Figure 1, 
performing (at 105) the technology independent synthesis comprises determining (at 110) 
a literal count metric and a number of levels metric, which are used to evaluate the quality 

15 of the design. Referring now to Figure 3 A, performing (at 105) the technology 
independent synthesis further comprises performing (at 305) a kernel factoring, 
performing (at 310) a decomposition. The technology independent synthesis is followed 
by performing (at 3 15) a tech mapping, and performing (at 320) a buffering. It should be 
understood that the present invention is not limited to the transforms of kemel factoring 

20 and decomposition, tech mapping, and buffering. Other technology independent 
transforms may be used, as is contemplated by those skilled in the art. 
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Referring again to Figure 1 A, a technology dependent and physical synthesis is 
performed (at 115), which optimizes wire length and routability, as well as other metrics, 
such as timing and area. It is determined (at 120) whether the design is routable. It is 
also determined if the timing of the design is met. If the design is not routable or the 
5 timing goals of the design are not met because of routability, the design process 100 is 
repeated and a technology independent synthesis is performed (at 105) again. If the 
design is routable, a the design is sent to manufacturing. 

Figure 2 shows a structural design process 200, in accordance with one 
embodiment of the present invention. The structural design process 200 introduces a 

10 novel step of performing (at 205) a structural technology independent synthesis. As 

shown in Figure 2, performing (at 205) the structural technology independent synthesis 
comprises determining (at 210) a structural metric, in addition to determining a literal 
count metric and a number of levels metric. The structural metric may be determined (at 
210) in an incremental fashion. The structural metric may be any one of SAPMC ("sum 

15 of al-pairs min-cut"), distance, etc. As described in greater detail below, an incremental 
structural metric computation process is performed (at 215). 

Referring now to Figure 3B, performing (at 205) the structural technology 
independent synthesis further comprises performing (at 405) a structure-driven kernel 
factoring, performing (at 410) a structure-driven decomposition. The structural 

20 technology independent synthesis if followed by performing (at 415) a structure-driven 
tech mapping, and performing (at 420) a structure-aware buffering. It should be 
understood that the present invention is not limited to the structural transforms of 
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structure-driven kernel factoring, structure-driven decomposition, structure-driven tech 
mapping, and structure-aware buffering. Other structural technology independent 
transforms may be used, as is contemplated by those skilled in the art. 

Figure 4 A shows a buffer tree 500 feeding into two cones of logic 505, 510, 
shown as triangular cones. The buffer tree 500 was constructed by performing (at 320) 
traditional buffering, as shown in Figure 3 A. Figure 4B shows a buffer tree 600 that was 
constructed by performing (at 420) the structure-aware buffering technique feeding into 
the same two cones of logic 505, 510. 

Figure 5 shows an incremental structure metric process 700 for determining a 
structural metric using a lazy evaluation technique, as shown in Figure 2B. When a 
design is entered, the structural metric for all circuits in the design are determined (at 
705). Design changes for time, area, and/or structure are proposed (at 710). It is 
determined (at 715) whether the structural metrics on the circuits that are affected by the 
design changes are valid. If they are valid, it is determined (at 720) if the design changes 
provide a cost improvement to the structural metric. If so, then the design changes are 
applied (at 725) to the design. If the structural metrics on the affected circuits are invalid, 
the affected circuits are updated (at 730) incrementally for the structural metrics. The 
structural metrics on the circuits affected by the change are invalidated (at 725). The 
incremental structural metric process 700 then re-proposes (at 710) new changes. 

Figure 6A shows a graph representation of a design. Each node represents a 
circuit and each edge represents a connection between two of the circuits. An optimized 
design using prior art, as illustrated in Figures 1 A and IB, is shown in Figure 6B. The 
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optimized design using the structural method, as illustrated in Figures 2A and 2B, is 
shown in Figure 6C. Although both 6B and 6C have the same number of circuits, it is 
apparent that the design in Figure 6C is improved for routability. 

Figures 7A and 7B show two example circuit design models to illustrate the 
distance metric, in accordance with one embodiment of the present invention. Figure 7A 
shows the schematic of a carry lookahead adder (hereinafter "CLA adder") and Fig 7B 
shows a ripple carry adder. For each circuit in the design, neighbors are computed at 
distances 1, 2, 3, and so on for both adders. Referring now to Figure 8, the average 
neighborhood size over all circuits in the design are plotted for both the ripple carry adder 
and the CLA adder. The CLA adder has more neighbors at smaller distances, while the 
ripple carry adder has a wider spread of neighborhood. The difference in structural 
metrics of the two adders correspond well with their routability characteristics. 

As follows from the plotted curves of Figure 8, the carry-lookahead structure has a 
significantly larger neighborhood population for almost all of its distances compared to 
ripple-carry structure. Such comparison is consistent with the fact that ripple-carry adder 
produces better for yield layouts. In general, during circuit restructuring the objective is 
to minimize the neighborhood population numbers for smaller values of distance k, while 
allowing their increase for larger distances. Such optimization reduces congestion at the 
immediate vicinity of a change, and distributes it across the extended neighborhood. 

The particular embodiments disclosed above are illustrative only, as the invention 
may be modified and practiced in different but equivalent manners apparent to those 
skilled in the art having the benefit of the teachings herein. Furthermore, no limitations 
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are intended to the details of construction or design herein shown, other than as described 
in the claims below. It is therefore evident that the particular embodiments disclosed 
above may be altered or modified and all such variations are considered within the scope 
and spirit of the invention. Accordingly, the protection sought herein is as set forth in the 
5 claims below. 
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